This article reviews the performance of an optical-label-controlled packet routing node as implemented in the European FP5-IST STOLAS project including a set of general engineering rules. Experimental networking scenarios and results from a STOLAS based network emulator supporting optical overspill routing are presented.
INTRODUCTION
Optical label switched networks are considered a promising solution for networks supporting the ever continuing growth of packet-based data traffic and at the same time supporting multiple services with quality of service differentiation. The throughput of packet-routing nodes is increased by introducing label controlled routing and at the same time performing the switching of high-speed data payloads transparently without opto-electrical-optical conversion. The use of optical labeling also allows for differentiation between packet-based and circuit-based transmission by, for example, adopting labeling strategies to differentiate among labeled payloads and circuits. Within the recently concluded Switching Technologies for Optical Labeled Signals (STO-LAS) project of the Information Society Technologies (IST) research framework of the European Commission, a laboratory demonstrator was built incorporating optical edge nodes, label-controlled routing nodes, performing label erasure, rewriting, and wavelength conversion, and a label controlled optical add-drop multiplexer. A network emulator based on the STO-LAS principle was also built, supporting both burst switching and circuit switching. The present article is organized as follows. The next section presents a review of techniques to label optical signals, and introduces the STOLAS frequency shift keying/intensity modulation (FSK/IM) labeling method. We present the design and architecture for a label controlled node supporting FSK/IM labeled signals. We present a study of the reliability of a label controlled node based on the STOLAS concept and its comparison with other node architectures such as the broadcast-and-select one. The laboratory setup, experimental results and engineering rules for FSK/IM label controlled nodes are presented, respectively. The results of the network emulator are presented. Summary conclusions are then presented.
OPTICAL SIGNAL LABELING TECHNIQUES
Optical labeling techniques can be classified into in-band and out-of-band depending on the optical spectral allocation of payload and label information. A further classification can be made based on the processing techniques for the label data, which can be realized by using conventional electronics, all-optical signal processing techniques, or a hybrid scheme of electronics and optical methods. In Fig. 1 we present a generic classification for optical labeling techniques based on spectral allocation, labeling scheme, and signal processing techniques for the label information [1] [2] [3] [4] .
Optical signal labeling techniques should comply with some general requirements such as minimized impact on the payload data quality, efficient bandwidth use, ease of label and payload separation (regarding time synchronization and/or optical filtering), low complexity for label erasure and reinsertion, as well as flexibility for future system upgrades in terms of bit rate for payload, label signals, and channel count. Assessing the labeling techniques pre-sented in Fig. 1 regarding the above requirements, it turns out that each has its advantages and detractors: for instance, embedding the label information in a subcarrier frequency outside the payload spectrum allows for use of already developed radio frequency (RF) equipment. However, it requires extra bandwidth making upgrades to higher bit rates of the payload signal rather complex. Another approach, conveying the label information in a dedicated wavelength channel (wavlength-division multiplexing [WDM] labeling), requires accurate bookkeeping of the correspondence between labels and payload data channels. Putting the label information just ahead of the payload data (time serial scheme) in turn requires strict time synchronization for label extraction, erasure, and reinsertion. The encoding of the label information on the payload bits (optical encoding scheme) results in an increase of the line rate. However, this scheme allows for inherent label recognition capabilities. Combined modulation formats use several dimensions of the optical carrier to embed the payload and label information. For example, intensity modulation can be used to convey the high-speed payload and angle modulation to convey the relatively low-speed label data (the opposite choice of modulation is another possibility). Although in these schemes time synchronization between label and payload is relaxed, the extinction ratio of the intensity modulated signal is compromised for the performance of the angle modulation format.
THE FSK/IM STOLAS LABELING CONCEPT
The label encoding technique studied in the IST-STOLAS project is based on using frequency shift keying (FSK) to label the payload data, which is conveyed by intensity modulation (IM) of the same optical carrier, as illustrated in Fig.  2a . This scheme has some advantages, such as: • Data payload is coupled to the label in the same wavelength channel, which eases the bookkeeping of their correspondence in the routing nodes.
• Label and data payload are decoupled regarding timing, and thus do not need strict synchronization; only synchronization at the packet level is needed, not at the bit level.
• The label can be written anywhere over the payload; no delineation is needed for label erasure and rewriting.
• In principle, addition of label information does not need to increase the channel's bandwidth. However, the FSK/IM labeling scheme requires special design attention regarding the following issues:
• Crosstalk of label to payload by frequencyto-intensity modulation conversion, due to such things as dispersion in fiber links, interferometric effects, and optical filtering. • Compromised relatively low extinction ratio for the IM signal that might result in scalability limitations for the system. We report on engineering rules for designing optical label-controlled routing nodes using IM/FSK labeled signals.
FSK/IM LABEL CONTROLLED ROUTING NODE ARCHITECTURE EDGE ROUTER NODES: FSK/IM SIGNAL GENERATION
At the receiver end the payload information can be detected by a simple direct detection scheme. Provided the FSK tone spacing is sufficiently large (e.g., a few tens of GHz), a direct detection scheme preceded by an optical bandpass filter can be used for detection of the label [5] . Alternatively, both FSK frequency tones can be optically filtered out for further detection in a balanced photodetector receiver configuration resulting in improved receiver sensitivity. Generation of optical FSK modulation is achieved by direct current modulation of the phase section of a grating assisted co-directional coupler with a rear sampled grating reflector (GCSR) laser source. Device fabrication, tuning mechanisms, and performance of these types of lasers have been described elsewhere [6] . The GSCR laser can be tuned to the desired wavelength channel according to a table of current settings for its reflector, gain, phase, and coupler sections while small modulation of the phase current generates the FSK signal for labeling purposes. The FSK modulated signal is further intensity modulated, using an external Mach-Zehnder modulator, to superimpose the high-speed payload information as indicated in Fig. 2a . Figure 2b shows the schematic diagram of a label-swapping node incorporating a MachZehnder interferometric structure with two SOAs in its branches (MZI-SOA). A small part of the incoming optical power is fed to the label processing circuit. The label is detected and, with a lookup table operation, a new label is defined. A new wavelength is set by adjusting the combination of currents applied to the different sections of the GCSR laser diode. The label is generated in the label processing unit and FSK modulated by current modulation of the phase section of the GCSR laser. The incoming intensity-modulated payload data, after being properly delayed, are transferred to the new wavelength through cross-phase modulation (XPM) in the MZI-SOA wavelength converter. As the XPM mechanism in the SOAs is driven only by the intensity of the incoming packet, the old FSK label is erased. Thus, FSK/IM label erasure and reinsertion can be realized in a single MZI-SOA device with payload wavelength conversion functionality.
MZI-SOA WAVELENGTH CONVERTER LABEL SWAPPING NODE

STOLAS NODE RELIABILITY
A generic architecture for a label controlled routing node is presented in Fig. 3a , where the case of two input/output fibers carrying four wavelength channels is illustrated. The tunable wavelength converters (TWCs), after the passive arrayed wave guide (AWG) routing stage, serve the purpose of making the node strictly nonblocking. Additionally, two input and output ports are dedicated for adding and dropping of channels, and two more for multicasting purposes. The reliability of a packet routing node will largely depend on the cumulative failing probability of the active components; the passive components, once installed and connected properly, will not be expected to degrade significantly.
In the proposed STOLAS node the actual routing is done by the central AWG router, by means of allocating the appropriate wavelength to the packets in the label swapper (LS) units. Typically, such a waveguide router can be made in integrated-optics technology on a glass substrate, and hence suffers no noteworthy degradation with low expected probability of failure. However, TWCs are needed both at the label swapping unit and after the passive router, and these active elements may degrade. Such a TWC basically consists of a fast tunable laser diode and a wavelength converter based on SOAs in a Mach-Zehnder interferometer configuration. The probability that a packet is lost due to malfunctioning of the router can be expressed in terms of mainly the probability of failure of the TWC, as
To compare the STOLAS node with alternative node designs, a broadcast-and-select node (B&S) architecture is considered (Fig. 3b) . After optical amplification in order to compensate for splitting losses, the input packets are broadcast over a bank of switching stages. In each stage a fast optical gate selects the input fiber port, and after a power coupling stage a second set of optical gates in combination with the succeeding wavelength multiplexer selects the wavelength. The broadcast process inherently supports multicasting. For comparison purposes, the B&S node includes two input and output fiber ports, and one add and one drop port. It can be shown that the probability of packet lost due to malfunctioning of the router can be expressed as Comparing these two node designs, it can be observed that the B&S node requires more active components than the STOLAS node, and thus has a higher chance of malfunctioning. Moreover, the packet loss probability due to failures in the B&S node is higher than that in the STOLAS node provided that Furthermore, in the B&S node design a failure of a port-selecting gate affects all wavelengths on that input port intended for a particular output fiber. Similarly, when a wavelength-selecting gate fails, it affects all packets being carried by that wavelength from every input port intended for a particular output fiber. In the STOLAS node design, however, a failing TWC at the input side of the waveguide router affects only a single and given wavelength arriving from a specific input fiber port. Figure 2c shows a schematic diagram of the system demonstrator for the edge router, the core label swapper, and an optical label controlled optical add-drop multiplexer (OADM) supporting FSK/IM labeled signals as implemented in the IST-STOLAS project. The payload data is conveyed in IM operating at 10 Gb/s while the optical label is in FSK modulation operating at 50 Mb/s. The control circuitry, including label generation and wavelength selection, is implemented by using field-programmable gate arrays (FPGAs). The edge router module also includes an optical intensity modulator. The optical label swapper module is composed of an MZI-SOA wavelength converter and an agile tunable laser source as in the case of the edge router module. The control circuitry comprises a burst mode label receiver, a detector of the start of the payload signal, and label processing functions implemented in FPGAs. The information on the start of the payload is used to assist the time synchronization to superimpose the new FSK label, to ensure that no FSK is superimposed before IM is present on the lightwave carrier. The label controlled OADM is composed of a WDM (de)multiplexer and two switches, used to either drop or add signals, depending on the label information (Fig. 2c) . Its electronic circuitry includes an FSK burst mode label receiver and label processing functions. In this case the control circuitry does not need to include label generation. The routing fabric is implemented by using a 4 × 4 AWG passive router. At the receiver side, 10 Gb/s clock and data receiver modules are used to detect the payload data.
EXPERIMENTAL RESULTS FROM A SYSTEM DEMONSTRATOR SUPPORTING IM/FSK LABELING
FSK/IM LABELED PACKET GENERATION AND DETECTION
Four wavelength channels were implemented, operating at the wavelengths 1556.75, 1557.36, 15558.98, and 1560.61 nm. The label signal, operating at 50 Mb/s, was FSK modulated with a frequency deviation of 20 GHz for each of the four channels. Figure 4 shows the optical spectrum of the generated FSK/IM signals for each of the channels. The average power of all channels is around 0 dBm after imposed IM modulation, with an extinction ratio in the range of 6-7 dB.
The power unbalancing observed in Fig. 4 between the FSK tones is due to the structure of the selected label format that does not contain an equal number of logical ones and zeroes. However, there was no observed residual intensity modulation due to the FSK modulation on the generated IM pulse patterns.
NETWORKING SCENARIOS
Using the experimental setup shown in Fig. 2c , several networking scenarios can be tested. For instance, a routing scenario including two label swapping stages has been realized in the following way. An optical FSK/IM labeled burst was generated by using the edge router module 1 and subsequently fed to input port D of the AWG, were it is routed to output port 4. This signal was then fed to the label swapping module 1, where label erasure, label insertion and wavelength conversion were performed. The new labeled signal was directed to input port 3 of the AWG and routed via port C to the input of the second label swapping module (label swapper 2). After this second label swapping stage, the signal was routed to the payload receiver by using input port 1 of the AWG router. A more complex scenario is obtained if optical labeled signals are generated at edge router 2. For illustration, we present experimental results of the two-stage label swapping scenario described above.
Two values for the extinction ratio of the IM signal (7 dB and 12 dB) were considered. As we can observe from Fig. 5 , after single label swapping, a power penalty of 2.7 dB and 1.9 dB at a bit error rate (BER) of 10 -9 are observed for the 7 dB and 12 dB extinction ratio cases, respectively. After a second label swapping stage the power penalty is more severe, amounting to 5.3 dB and 4.4 dB for 7 dB and 12 dB extinction ratios, respectively. The reason for this degradation is found in the insufficient operation speed of the MZI-SOA wavelength converters used in the setup. Moreover, as the signal after wavelength conversion should preserve the same extinction ratio for proper performance of the FSK signal, the regenerative properties of the wavelength converter are not fully exploited, especially for the 7 dB IM extinction ratio.
ENGINEERING RULES
The engineering rules proposed below concern the main operations required in a label switched network, namely to the labeling process, label detection, label swapping (including label erasure), wavelength conversion and re-writing of a new label, signal transmission and node cascadability.
LABELED BURST GENERATION
The following rules apply to the burst generation process:
• The minimum payload length is determined by the length of the label signal.
• The time synchronization of the label and payload is just limited to ensure that the label signal is superimposed on top of the payload (IM) signal; not earlier than the start of the payload and not later so that it exceeds the end of the payload section.
• An important design parameter in the combined FSK/IM burst generation is the choice of the extinction ratio for the IM signal. A value of the extinction ratio, providing the same receiver sensitivity for both signals, has been found to be in the range of 6 to 7 dB for a reference system operating at 155 Mb/s FSK and 10 Gb/s IM. The extinction ratio requirement could be relaxed if signal coding such as 8B/10B or 64B/68B is used or if a lower bit-rate for the label data is employed.
• A FSK frequency deviation of 20 GHz has been chosen for the laboratory trial. In this way simple FSK detection is realized, at the same time allowing for tolerable wavelength drifts of the tunable laser sources. A smaller frequency deviation could be used; however stricter optical filtering and wavelength stability will be required.
LABEL DETECTION
Label detection can be simply realized by a direct detection scheme using an optical bandpass filter centered on one of the frequency tones of the FSK signal. A scheme using direct detection and a balanced receiver, where both FSK tone are filtered is another alternative, resulting in improved receiver sensitivity. Flattop shaped optical filters are preferred over Fabry-Perot or Gaussian shaped types [7] .
CASCADE OF OPTICAL FILTERING STAGES
Signals in an optical label switched network will encounter several stages of optical filtering due to e.g., wavelength (de)multiplexers. Therefore special attention should be paid to the design regarding optical filtering, wavelength channel spacing and FSK frequency deviation parameters, so that no residual frequency-to-intensity modulation is introduced by filter shape or wavelength misalignment between the filter central wavelength and laser source emission wavelength. Computer simulations and experiments show that systems, operating at 10 Gb/s IM data rate, using a Gaussian shaped optical bandpass filter or AWG router (second order Gaussian shaped with a 3 dB bandwidth of 75 GHz), allow for a frequency misalignment between laser and filter, limited to 15 GHz for a power penalty of the payload data of less than 3dB [7] . When using a more flat-top shaped filter, the influence of filter misalignment is negligible for the same frequency misalignment of 15 GHz. Considering a FSK frequency deviation of 15 GHz, it can be concluded that a 50GHz ITU WDM system is feasible, provided the wavelength alignment discussed above is met.
LABEL SWAPPING
Label erasure and insertion can be performed in a single MZI-SOA wavelength conversion stage [5] . However, the MZI-SOA should not introduce any patterning effects. Experimental results have shown that no signal degradation is observable due to chirp induced in the wavelength conversion stage [8] .
TRANSMISSION OF FSK/IM SIGNALS
The spectrum of the resultant FSK/IM is broader compared to pure IM signals, mainly due to the frequency deviation of the FSK signal. By using a frequency deviation in the range of 10 GHz to 20 GHz, dispersion compensation becomes mandatory. Experimental validation of the propagation of optical FSK/IM labeled signals over a transmission link composed of 88 km standard single mode fiber (SMF) and a matching length of dispersion compensating fiber (DCF) has been demonstrated for a 10 Gb/s payload with 312 Mb/s FSK label [5] . This indicates that transmission of FSK/IM signals in a metropolitan area network scenario is feasible, provided dispersion compensation is employed.
ORION NETWORK EMULATOR RESULTS
One direct application of the FSK/IM labeling technique studied in the STOLAS project is the ORION [9] concept, a hybrid way of transport-
I Figure 5. FSK/IM label swapping. Bit error rate of the 10 Gb/s payload after a single and two stages of label swapping for the case of 7 dB and 12 dB IM extinction ratio (ER).
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1.0E-5 ing packets throughout the network. It uses both wavelength and packet switching, with the nodes applying one of the two modes dynamically as follows. Basically, the preferred transport method is through established (preferably end-to-end) wavelength paths in the network. However, it is very well known that a wavelength switched network is in general less efficient and flexible than pure packet switching. Thus, if the need arises, the network is able to switch to packet switched mode (coined "overspill mode") for a certain time (for a certain class of packets). To distinguish between the two transport modes a mechanism is needed, which is where the STOLAS FSK/IM labeling technique can be applied. The difference between ORION and the STOLAS ways of switching is that data is only equipped with a label if it should not be treated as wavelength-switched. If no label is present, the wavelength switching regime applies, and the data all-optically reaches its destination. Additionally, depending on the implementation, the label can be very simple. In the most extreme case, only recognition of the presence of the label is required. This means ORION can be used as a migration path, moving toward a STOLAS approach as the technology matures. Figure 6 explains in a little more detail how ORION works. It depicts a simplified network with four nodes a, b, c, and d. Each node consists of a router working on a per packet/burst basis (e.g., an electronic IP/MPLS router) and an optical part that passively routes wavelengths (e.g., an all-optical OXC). In the figure three lightpaths are established: A-C on λ 1 , as well as A-D and B-C on λ 0 . Two label switched paths (LSPs) are mapped onto these lightpaths, LSP1 on A-C, LSP2 on A-D. Now suppose all lightpaths have a capacity of 10 Gb/s. Under normal conditions all traffic from a destined to c (LSP1) will pass b transparently (through the OCC B). Now assume LSP1 has 12 Gb/s of traffic. In a simple wavelength-switched network, this would result in loss, as there is only 10 Gb/s available. In ORION, however, the remaining 2 Gb/s can also be serviced by sending the data in overspill mode over wavelength λ 0 . Since overspill data behaves like a packet-switched network, it will reach the electronic IP/MPLS router at destination b instead of bypassing it. Note that this simply would not be possible with deflection routing. In order for this to work, special node architectures are required for ORION, as depicted in Fig. 6 (upper right) . In this example each overspill packet is equipped with an orthogonal (STOLAS) label, and the listeners (5) on Fig. 6 (upper right) can detect this signal. As a result, 1 × 2 fast switches are set up (6) , and the packet is directed toward the IP/MPLS router for further processing. Thus, by adding 1 × 2 fast switches, capable of switching on the order of a fraction of a packet's length, and the FSK/IM signal labeling as studied in STOLAS, an ad hoc change to packet-level switching can be achieved if necessary. The main advantage of this approach is that it is very bandwidth-efficient (compared to, e.g., wavelength switching) while the number of operations per packet (as compared to e.g. packet switching) are drastically reduced. The added complexity and control of course do add cost. Note that the OXC can still be a very slow one and the IP/MPLS fully electronic, which means that migration may be simpler than moving to a full-scale all-optical packet switch right away. To demonstrate the concept itself, and specifically to demonstrate that a standard generalized multiprotocol label switching (GMPLS) control plane could be used to control an ORION network [10] , an emulator was built. Each ORION node is a PC running custom switching software, emulating a full optical switching matrix. Since ORION obviously adds cost (in terms of components and operational complexity), there should evidently be some benefit. To illustrate this we continue our example presented in Fig. 6 (right), and discuss some results obtained from traffic experiments on this topology. As mentioned, from an ORION perspective, the given topology means that LSP1 and LSP2 can use overspill on each other's wavelengths on link A => B (the link we will study here). We then generated Poisson-like traffic of fixed packet size (512 bytes) through both LSP1 and LSP2. The load of LSP1 was fixed at 66.6 percent (2/3) of its capacity, while the load on LSP2 was gradually increased from 66.6 up to 150 percent (overload). During this experiment we measured throughput and how traffic was transported. All other links are configured to have ample capacity for the experiments. Figure 6 (lower right) shows the throughput of LSP2. Although there are some buffers present, the overspill mechanism already starts to work around a load of 0.85. This is due to the Poisson-like traffic generation process and traffic peaks being too long for the buffers to compensate, a typical result when connections are statistically multiplexed. The overspill mechanism, however, captures the otherwise lost traffic and transports it over LSP1 (λ 0 ), which is lightly loaded. Once a severe overload scenario occurs, however, overspill cannot prevent losses, even though on average there is capacity enough. It does, however, continue to function, allowing a higher throughput (+5 to +20 percent) than does the strictly wavelength-switched scenario by utilizing LSP1. Note that lightpath traffic on LSP1 always had zero loss, thus confirming the zero-impact behavior of overspill. Another feature of ORION, reduced packet processing, is also clearly visible in this (simplified) example: Node B only sees the overspill traffic, so a very low-capacity router is sufficient (compared to packet-switched operation).
CONCLUSION
Employing optical labeling of payload, containing IP packets or bursts of IP packets, significantly enhances the throughput and efficiency of optical routing nodes. It is achieved by processing the routing information carried by the label data, at moderate bit rates, in opto-electronic modules and keeping the high speed payload data in the optical domain. For example, our studies show that by using agile tunable laser sources, with FSK modulation capability, wavelength converters, and passive wavelength routing elements, a scalable modular label controlled router, featuring high reliability can be built. As shown from the STOLAS project laboratory trial results, the cascadability of FSK/IM label controlled nodes is mainly limited by the insufficient speed and patterning effects of the wavelength converters that can be overcome by the ongoing progress and development of high-speed MZI-SOA wavelength converters up to 40 Gb/s and above.
Optical labeling by using FSK/IM represents a simple and attractive way to implement hybrid optical circuit and burst switching in optical networks. An example of this application is the presented overspill routing. The results of the network emulator for overspill routing show that it efficiently combines the advantages of transparent payload routing by optical circuits and the improved bandwidth efficiency and flexibility offered by (burst) packet switching. routed networks (the EC project STOLAS), dynamically reconfigurable hybrid fiber access networks (fiber-coax, fiber-wireless), and short-range multimode (polymer) optical fiber networks. He has co-authored more than 200 conference and journal papers. 
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